FERONIA receptor kinase plays important roles in growth, development, and stress responses, but the transcription factor(s) mediating FERONIA signaling are not known. Guo et al. establish that the RALF23-FER-MYC2 signaling module is employed by the host plants to regulate coronatinemediated host susceptibility.
In Brief
FERONIA receptor kinase plays important roles in growth, development, and stress responses, but the transcription factor(s) mediating FERONIA signaling are not known. Guo et al. establish that the RALF23-FER-MYC2 signaling module is employed by the host plants to regulate coronatinemediated host susceptibility.
SUMMARY
Bacterial pathogens use effectors and phytotoxins to facilitate infection of host plants. Coronatine (COR) is one of the phytotoxins produced in bacterial pathogens, such as Pseudomonas syringae pv. tomato DC3000 (pst DC3000). COR structurally and functionally mimics the active form of the plant hormone jasmonic acid (JA), JA-isoleucine (JA-Ile), and can hijack the host JA-signaling pathway to achieve host disease susceptibility [1] . COR utilizes the transcription factor MYC2, a master regulator of JA signaling, to activate NAC transcription factors, which functions to inhibit accumulation of salicylic acid (SA) and thus compromise host immunity [2] . It has been demonstrated that SA can antagonize JA signaling through NONEXPRESSOR of PATHOGENESIS-RELATED GENE1 (NPR1) [3] and downstream transcription factors TGAs [4] and WRKYs [5, 6] . However, the detailed mechanism by which host plants counteract COR-mediated susceptibility is largely unknown. Here, we show that the receptor kinase FERONIA (FER) functions to inhibit JA and COR signaling by phosphorylating and destabilizing MYC2, thereby positively regulating immunity. Conversely, the peptide ligand RALF23 acts through FER to stabilize MYC2 and elevate JA signaling, negatively contributing to plant immunity. Our results establish the RALF23-FER-MYC2 signaling module and provide a previously unknown mechanism by which host plants utilize FER signaling to counteract COR-mediated host disease susceptibility.
RESULTS AND DISCUSSION
FERONIA (FER) belongs to the CrRLKL1 family of receptor-like kinases and functions in various biological processes, including plant growth, development, hormone signaling, and biotic and abiotic stress responses [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Several family members are involved in sensing cell wall integrity, mechanical sensing, and pollen tube function [18] [19] [20] [21] [22] [23] [24] . A few components in FER-mediated signaling have been described, including peptides RALF1 [25] and RALF23 [26] , which function as ligands for FER, and LORELEI (LRE)/LORELEI-LIKE-GPI-ANCHORED PROTEIN 1 (LLG1), which are FER coreceptors [27] . In addition, FER regulates PP2C phosphatase ABI2 to inhibit plant hormone abscisic acid (ABA) signaling [10] . ABI2 dephosphorylates FER, moxt likely as a feedback regulation mechanism [9] . The downstream signaling components, especially transcription factors mediating FER functions, are largely unknown [13, 22, 25] .
To understand how FER functions to regulate plant growth and reveal other processes regulated by FER, we performed global gene expression studies with fer mutants. RNA sequencing (RNA-seq) analysis indicated that 6,995 genes are differentially expressed (fer-DEGs, q < 0.05), with 3,127 upregulated and 3,868 downregulated genes in the fer mutant, respectively (Figure 1A; Data S1). In order to better understand FER-mediated signaling, we compared fer-DEGs with plant hormone-regulated genes. When compared to the genes regulated by growthpromoting hormones, including brassinosteroids (BRs), auxin (IAA), and cytokinin (CK) [30, 31] , close correlations were revealed between fer-DEGs and genes regulated by BRs (Figure S1A) . Specifically, 29.6% of BR-induced genes are downregulated in fer and 25.5% BR-repressed genes are upregulated in fer, which supports our previous finding that FER is positively involved in BR-regulated plant growth [16] .
When compared to the genes regulated by stress-related hormones ABA, salicylic acid (SA), ethylene (ACC), jasmonic acid (JA), and coronatine (COR) [28, 31, 32] , a greater degree of overlap was observed between genes upregulated in fer and ABA-, JA-, and COR-induced genes and between genes downregulated in fer and ABA-, JA-, and COR-repressed genes ( Figure 1A) .
These results indicate that ABA-, JA-, and COR-regulated genes are regulated by FER in an antagonistic manner. For example, 59.8% (482/806 genes) of JA-induced genes are upregulated in fer and 44% (309/701 genes) of JA-repressed genes are downregulated in the mutant ( Figure 1A ). We also tested whether (F) Venn diagram showing overlaps between coronatine-induced (COR Up) or coronatine-repressed genes (COR Down) and genes up-(fer Up) or downregulated (fer Down) in fer. The coronatine-regulated genes were previously published [28] , and genes differentially expressed in fer were determined by RNA-seq. (G) Pseudomonas syringae tomato DC3000 accumulated more in fer. The bacteria were infiltrated into 5-week-old plants, and leaf discs were collected at different days after infiltration (dai). Bacterial accumulation was measured by colony-forming units (CFUs) per leaf disc. Average and SD were calculated from three replicates. The experiments were repeated more than 5 times with similar results [29] . (H and I) Loss-of-function myc2 mutant suppresses fer phenotype in growth as shown with four-week-old plants of WT, myc2, fer, and fer myc2 double mutants, bar in (H) represents 2 cm and quantification of the 5 th leaf petioles length (average and SE were based on n = 15; I).
(legend continued on next page) JA-responsive gene expression was altered in fer by testing several JA-induced genes via qRT-PCR, using 10-day-old seedlings without or with 50 mM JA treatment. These experiments confirmed that JA-induced genes are constitutively upregulated in fer, although the additional increase after JA treatment varied among the genes tested ( Figures 1B-1E ).
It is well known that COR, a phytotoxin from bacterial pathogens, such as pst DC3000, is structurally similar to JA-isoleucine (JA-Ile) and can activate JA signaling in host plants to achieve host susceptibility [1] . Comparison of fer-DEGs and COR-regulated genes shows that more than 75% (713/944 genes) of COR-regulated genes are altered in fer mutant. For example, 472 out of 597 COR-induced genes are differentially expressed in fer, more than 97% of which (457/472 genes) are upregulated in fer. Likewise, 241 out of 347 COR-repressed genes are differentially expressed in fer, 85% of which (205/241 genes) are downregulated in the mutant (Figures 1F and S1B). These global gene expression profiles indicate that JA and COR signaling is upregulated in fer. A recent report showed that fer is more sensitive to DC3000 CORand proposed a positive role of FER in pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) [26] . Our results indicate that fer is also more susceptible to wild-type DC3000 ( Figure 1G ). Given the striking changes of JA-and COR-regulated genes in fer, it is conceivable that elevated JA and COR signaling renders fer mutant more prone to the bacterial pathogen infection.
The large number of genes mis-regulated in fer suggests that FER regulates diverse biological processes through transcriptional reprogramming. However, knowledge of transcription factors downstream of FER is limited. In order to elucidate the transcription factors involved in controlling fer-DEGs, we conducted promoter sequence analysis. The G-box sequence is highly enriched in the promoters of fer-DEGs ( Figure S1C ; Data S1). The G-box exists in many JA target genes and is a binding site for MYC2, a major positive regulator mediating JA and COR signaling [33] , suggesting that FER regulates JA-and COR-regulated genes through MYC2. To test the potential interaction of FER and MYC2, we generated a fer myc2 double mutant and found that myc2 mutation can partially suppress the fer stunted growth phenotype, with longer leaf petioles in the double mutant compared to that of fer ( Figures 1H and  1I ). The partial suppression of fer growth phenotype by myc2 implies that FER regulates additional factors that contribute to growth. Whereas myc2 is less sensitive to JA in both roots and shoots, fer is hypersensitive to JA. myc2 suppressed fer hypersensitivity to JA in fer myc2 (Figures 1J and S1D-S1H). Additionally, bacterial infection assays showed that myc2 is more resistant to bacterial infection as reported before [34] and partially suppressed the elevated susceptibility of fer to DC3000 in the fer myc2 double mutant ( Figure 1K ). Together, our genetic studies demonstrate that MYC2 functions downstream of FER and at least partially accounts for the positive role of FER in bacterial defense responses.
The genetic interaction of FER and MYC2 led us to test whether there is a physical interaction between the corresponding proteins. We first tested direct interactions between FER kinase (FERK) domain and MYC2 by glutathione S-transferase (GST) pull-down assays (Figures 2A, 2B , S2A, and S2B). GST-FERK can directly interact with full-length MYC2 and its N terminus (aa 1-251) but very little or not with C terminus (aa 440-623) and the middle region (aa 252-339). Next, the FER-MYC2 interaction was confirmed in vivo by co-immunoprecipitation (coIP) and bimolecular fluorescence complementation (BiFC). For these experiments, we employed FERm-GFP, in which the kinase activity is abolished with K565R mutation [17] . The mutation allowed FERm-GFP and MYC2-FLAG to express at high levels in N. benthamiana ( Figure S2C ); thus, we used FERm-GFP for both coIP and the following BiFC experiments. A similar approach has been used to detect interaction between ABI5 and its ubiquitin ligase, KEG, because the interaction could only be detected with mutant KEG [35] . Although the reason for stabilization of FERm-GFP is not known, it is possible that, similar to flagellin receptor FLS2 [36] , FER also goes through endocytosis and subsequent degradation upon ligand perception and subsequent activity, which would explain the lower protein level of FER-GFP compared to that of the inactive FERm-GFP. When co-expressed in N. Benthamiana, coIP experiments showed that MYC2-FLAG immunoprecipitated with anti-FLAG antibody is associated with FERm-GFP ( Figure 2C ). Furthermore, BiFC assays with FERm-YFPN and MYC2-YFPC confirmed the interaction between these two proteins and indicated that FER and MYC2 interaction occurs in the cytoplasm ( Figure 2D ).
The interaction between FER and MYC2 prompted us to test whether FERK can phosphorylate MYC2. In vitro kinase assays showed that FERK indeed phosphorylates the full-length as well as the N terminus (N) and middle (M) region of MYC2 ( Figures 2E , S2D, and S2E). To test whether FER phosphorylates MYC2 in vivo, we generated an anti-MYC2 antibody that recognizes the middle region of MYC2. The antibody recognizes MYC2 in both whole-cell extract and nuclear protein from wildtype (WT) plants, but the signal corresponding to MYC2 protein is absent in myc2 mutants ( Figure S2F ). The MYC2 protein from both WT and fer was immunoprecipitated by anti-MYC2. Western blotting with anti-phosphoserine showed that MYC2 was phosphorylated in WT, and phosphorylation was reduced in fer ( Figure 2F ), suggesting that MYC2 is phosphorylated by FER in vivo.
To determine the effect of FER phosphorylation on MYC2, we examined the MYC2 protein stability in both WT and fer mutant with cycloheximide (CHX) treatments. The half-life of MYC2 in WT was around 60 min, and the half-life of the protein was over 120 min in fer ( Figure 2G ). Similar results were obtained in transient assay in N. benthamiana. Co-expression of MYC2 with FER, but not FERm, clearly reduced MYC2 protein levels ( Figure S2C ). These results support the conclusion that FER functions to destabilize MYC2.
(J) The myc2 suppresses fer phenotype in JA inhibition of root growth. Averages and SD were derived from 10-12 seedlings. Percentages of root growth after JA treatment were shown for each genotype. The experiments were repeated more than 3 times with similar results. (K) The myc2 suppresses fer phenotype in bacterial defense. The experiments were done as described in (G). Average and SE were calculated from three replicates. The experiments were repeated more than 3 times with similar results. Statistical significance was calculated using Tukey HSD test, and p values less than 0.05 were considered significant for (G) and (I)-(K). See also Figure S1 , Data S1, and Table S3 . (F) MYC2 is phosphorylated in WT, but the phosphorylation is reduced in fer. MYC2 was immunoprecipitated from WT and fer using anti-MYC2 antibody, and antiphosphoserine antibody was used to detect MYC2 phosphorylation (left). The detection with anti-MYC2 antibody serves as control (right). (G) MYC2 has prolonged half-life in fer mutant. Ten-day-old seedlings were incubated with MG132 in liquid 1/2 Murashige and Skoog (MS) medium for 16 hr to accumulate MYC2. Then, the seedlings were washed 5 times with 1/2 MS medium to remove MG132 and incubated with cycloheximide (CHX) for indicated times and were collected and flash frozen. Total proteins were extracted and resolved on SDS-PAGE. MYC2 was detected by MYC2 antibody, and Ponceau S staining is used as loading control. Quantification was carried out using ImageJ. See also Figure S2 and Tables S1, S2, and S3.
We then mapped the FER phosphorylation sites on MYC2 using in vitro phosphorylated MYC2N and MYC2M via mass spectrometry. In total, 36 possible FER phosphorylation sites were identified, including 6 sites localized to a specific amino acid (Table S1 ). We chose 12 sites that are mostly conserved among different species (Table S2 ; Figure 2B ) for further mutational analysis. Mutations of these sites to alanine (MYC2 NM A12 ) largely reduced the FERK phosphorylation of MYC2 N-terminal and middle (NM) domain ( Figure 3A ).
To further test the effect of the FER phosphorylation of MYC2 on its stability, we generated a mutant form of full-length MYC2, MYC2 A12 , and obtained stable transgenic Arabidopsis plants expressing MYC2 A12 -FLAG. To test the phosphorylation status of MYC2 A12 in the transgenic plants, immunoprecipitation was carried out using anti-FLAG from the transgenic lines 48 hr post-pst DC3000 infection, and the IP product was treated with alkaline phosphatase and resolved on a Phos-tag gel ( Figure 3B ). Two forms of MYC2 were observed after blotting with anti-MYC2 antibody, both of which shifted downward after phosphatase treatment in the WT MYC2-FLAG. On the other hand, the effect of the phosphatase treatment on MYC2 A12 -FLAG was minimal (Fig-ure 3B ), suggesting that the mutated amino acids are involved in MYC2 phosphorylation in vivo. The different mobility of the two MYC2 forms is most likely due to other post-translational modifications than phosphorylation because both bands were still present after phosphatase treatments.
Next, we carried out cycloheximide treatment with the transgenic lines, which showed that MYC2-FLAG has a half-life between 30 and 60 min ( Figure 3C ) although MYC2 A12 -FLAG is more stable, with a half-life of around 90 min ( Figure 3D ). Similar observations were made in transient assays in N. Benthamiana. Whereas MYC2 is clearly reduced by co-expression with FER ( Figure S2G , lanes 2, 6, and 10), stabilization of MYC2 A12 was observed ( Figure S2G, lanes 4, 8, and 12 ), and the stability of MYC2 A12 was increased 2.7-to 5.3-fold ( Figure S2H ). Furthermore, treatment with the kinase inhibitor K252a promoted MYC2 accumulation ( Figure S2I ), confirming that MYC2 stability is related to its phosphorylation.
In order to rule out the possibility that the mutations in MYC2 A12 rendered the protein dysfunctional, we tested responses to JA and pst DC3000 in MYC2 transgenic lines. Similar to MYC2-FLAGox, MYC2 A12 -FLAGox also showed MYC2-FLAG and MYC2 A12 -FLAG were immunoprecipitated from transgenic plants, and the IP product was treated with phosphatase and resolved on a Phos-tag gel. There is a shift in the MYC2-FLAG, and the shift in MYC2 A12 -FLAG is minimal. (C and D) MYC2 A12 has prolonged half-life than that of WT MYC2. Ten-day-old transgenic plants MYC2-FLAGox (C) or MYC2 A12 -FLAGox (D) were incubated with CHX for indicated times and were collected and flash frozen. Total proteins were extracted and resolved on SDS-PAGE. MYC2-FLAG and MYC2 A12 -FLAG were detected by anti-FLAG. Ponceau S staining is used as loading control. Quantification was carried out using ImageJ. (E) Both MYC2-FLAGox and MYC2 A12 -FLAGox are hypersensitive to JA in the root growth assay, indicating that MYC2 A12 is functional (average and SD were calculated based on n = 14-18 plants). Statistical significance was calculated using Tukey HSD test and p values less than 0.05 were considered significant. (F) MYC2 protein accumulates in fer mutant. Fiveweek-old WT, fer, and myc2 plants were infiltrated with Pst DC3000 for indicated times. Total or nuclear proteins were prepared from each sample, and the accumulation of MYC2 and FER was detected with anti-MYC2 or anti-FER. Anti-Histone H3 and Ponceau S staining were used as loading controls. Quantification of MYC2 was carried out using ImageJ. See also Figures S2G, S2H , and S3 and Tables S1, S2, and S3. hypersensitivity to JA treatment ( Figures 3E and S3A-S3D ) and increased pst DC3000 growth ( Figure S3E ), compared to WT plants, suggesting that MYC2 A12 is functional in mediating JA responses. Taken together, these data suggest that FER phosphorylation of MYC2 is at least in part responsible for MYC2 destabilization.
With the knowledge that FER phosphorylates and destabilizes MYC2, we hypothesized that the elevated susceptibility of fer mutant to pst DC3000 is due to increased levels of MYC2. To test the hypothesis, we infiltrated WT, fer, and myc2 mutant plants with pst DC3000 and examined their MYC2 levels. In WT plants, nuclear MYC2 level is very low and accumulated after bacterial infection, reaching the highest level at 48 hr post-infiltration and declining at 72 hr, with a 35% reduction relative to that of 48 hr ( Figure 3F, lanes 1-4) . Interestingly, MYC2 accumulated significantly more in fer mutant and accumulated even more after bacterial infection, to the highest level at 48 hr postinfiltration with a small decline at 72 hr ( Figure 3F, lanes 5-8) , consistent with the prolonged half-life of MYC2 in fer. As expected, MYC2 was not detected in loss-of-function myc2 mutants ( Figure 3F, lanes 9-12) , and FER is absent from fer ( Figures  3F, lanes 5-8, and S3F ). Similar defense response and MYC2 protein changes were also observed in the amiRNA knockdown line of FER, FERamiRNA [16] ( Figures S3G and S3H) , confirming that these phenotypes were due to the absence of FER in the fer mutants. Furthermore, in transgenic plants expressing FER-GFP, MYC2 induction is greatly reduced 48 hr after pst DC3000 infection, compared to that of WT ( Figures S3I and  S3J ). Taken together, these results demonstrate that pst DC3000 infection induces MYC2 protein in host plants and FER phosphorylates and destabilizes MYC2 to alleviate the pathogen-mediated host disease susceptibility. The increased MYC2 protein levels, both prior and after pathogen infection in fer, are at least partially responsible for its compromised immunity.
The peptide hormone RALF1 has been shown to function as a ligand for FER [25] . RALF23 is a homolog of RALF1 and is negatively involved in plant growth [37] . In order to test ligand and receptor relationship of RALF23 and FER, we generated RALF23ox fer plants, where RALF23 is overexpressed in fer mutant. RALF23ox fer showed a similar growth phenotype to fer, indicating that the function of RALF23 is dependent on FER ( Figures 4A and S4A) .
FER was reported to function as a scaffold protein for PAMP receptors and play a positive role in PTI and plant immunity and that RALF23 functions through FER to negatively regulate PTI and plant immunity [26] . To test whether RALF23 is also involved in MYC2 regulation and JA signaling, we carried out JA response using root growth assays. Similar to the elevated JA sensitivity of fer, RALF23ox root growth is also hypersensitive to JA treatment ( Figures 4B, S3A , S3D, S4B, and S4C). A bacterial infection assay showed that RALF23ox accumulated more bacteria than that of WT ( Figure 4C ), in line with the increased MYC2 protein level ( Figure 4D ). Moreover, analysis of JA target gene expression in RALF23ox showed that some target genes, such as RD26 and TAT, displayed similar patterns of JA response to that in fer ( Figures 4E and 4F ; compare with Figures  1B and 1C) , with higher basal expression and additional increase in expression upon JA treatment. Other genes, such as VSP1 and PDF1.2, showed increased JA induction ( Figures 4G and  4H ), although these genes had lower absolute expression levels in RALF23ox compared to WT ( Figures S4D and S4E ). This phenomenon might be due to complex interactions between FER, MYC2, and other transcription factors in JA target gene regulation. For example, MYC2 and ORA59 negatively regulate each other and potentially negatively regulate each other's target genes (e.g., VSP1 and PDF1.2) [38] .
In order to rule out compensatory effects regarding MYC2 levels in RALF23ox plants, we tested the short-term effect of RALF23 on MYC2 stability in N. Benthamiana. RALF23-MYC, used for generating RALF23ox, was co-infiltrated with FER-GFP, MYC2-FLAG, and S1P-YFP [39] . S1P, SITE-1 PROTEASE, is required for the production of active RALF23 peptide [26, 37] . Consistent with the increased MYC2 levels in RALF23ox plants, accumulation of MYC2-FLAG was observed 48 hr after co-infiltration with RALF23-MYC, compared to vector control ( Figures  4I, S4F, and S4G ). These results demonstrate that both shortterm and long-term RALF23 expression lead to increased MYC2 protein accumulation.
To test the effect of RALF23 on MYC2 phosphorylation, we conducted immunoprecipitation with anti-MYC2 from cytoplasmic proteins of RALF23ox along with WT and fer, treated with pst DC3000 for 48 hr. Because FER interacts with MYC2 in the cytoplasm, we reasoned that we can observe FER-specific MYC2 phosphorylation in cytoplasmic proteins in a less biased way, and pathogen treatment increases MYC2 level so we can circumvent the problem caused by the potential high instability of FER-phosphorylated MYC2. After resolved on a Phos-tag gel, the MYC2 IP showed two distinct forms that are shifted down after alkaline phosphatase treatment, suggesting that MYC2 is phosphorylated and most likely exists in two different forms ( Figure S4H) , consistent with what we observed with MYC2-FLAG ( Figure 3B ). The portion of phosphorylated MYC2 protein is decreased in fer compared to the non-cytoplasmic MYC2, indicating the phosphorylation is FER-specific. Interestingly, there is only one form of phosphorylated MYC2 observed in RALF23ox and the portion of phosphorylated MYC2 is also decreased compared to that of WT, indicating that RALF23 inhibited MYC2 phosphorylation. The difference between RALF23ox and fer might be due to RALF23's regulation on FER homologs that are potentially involved in MYC2 phosphorylation as well. The results suggest that RALF23 functions through FER to play a positive role in JA signaling and negative role in plant immunity by suppressing FER function and elevating MYC2 levels. We also observed that FER protein level is decreased in RALF23ox, which provides another form of regulation of FER by RALF23 ( Figure S4I ).
In summary, our results demonstrate that FER negatively regulates JA and COR signaling and positively contributes to plant immunity, which establishes FER as a critical regulator of JA and COR signaling and provides a novel mechanism that host plants possess to counteract COR-mediated MYC2 elevation ( Figure S4J ) and disease susceptibility. It has recently been reported that RALF23 functions through FER to negatively regulate PTI and plant immunity [26] . It is conceivable that RALF23/ FER-mediated signaling pathway employs different means to regulate both host plant disease susceptibility through MYC2 and defense responses through PTI. Our study thus establishes (B) RALF23ox plants are more sensitive to JA inhibition of root growth; average and SD were calculated from 14-18 seedlings. Statistical significance was calculated using Tukey HSD test, and p values less than 0.05 were considered significant (n = 14-18). (C) RALF23ox plants are more susceptible to bacterial infection. The experiment is described in Figure 1G . Average and SD were calculated from 3 replicates. The statistical significance is evaluated by Student's t test; ***p < 0.001 (n = 3). The experiment was repeated three times with similar results. (D) RALF23ox plants accumulate more MYC2 in response to pst DC3000 than WT control. Four-week-old plants with the indicated genotypes were infiltrated with Pst DC3000 for 2 days, and nuclear protein was prepared and blotted with anti-MYC2 or anti-histone H3. (E-H) Relative JA target gene expression analysis in RALF23ox shows that RALF23 plays an important role in JA signaling: RD26/UBQ5 (B), TAT/UBQ5 (C), VSP1 induction by 50 mM JA (JA50/CK, D) and PDF1.2 induction by 50 mM JA (JA50/CK, E). RNA was prepared from 10-day-old WT or RALF23ox seedlings with or without 50 mM JA, and qPCR was performed with the indicated genes. SE was calculated based on 3 sets of samples per treatment, and Student's t test was used to calculate the statistical significance. *p < 0.05, **p < 0.01, ***p < 0.001. (I) Similar to the effect of RALF23 on MYC2 in RALF23ox, short-term RALF23 treatment also promotes MYC2 stability. FER-GFP, MYC2-FLAG, and S1P-YFP were co-expressed with RALF23 or vector only for 48 hr. Total protein was extracted from leaf discs and resolved on SDS-PAGE. All three leaves assayed showed elevated MYC2 level. (J) A working model for FER and RALF23 regulation of MYC2 during pst DC3000 infection. FER phosphorylates and inhibits MYC2 to positively contribute to plant defense. RALF23 peptide, the processing of which is increased by bacterial infection, functions to inhibit FER receptor signaling hence negatively contributes to bacterial defense. See also Figures S3A, S3D , and S4 and Table S3 . a more comprehensive signaling pathway from a peptide ligand (RALF23) to its receptor (FER) and downstream transcription factor (MYC2) in the regulation of JA and COR signaling and plant responses to bacterial pathogen infection ( Figure 4J ).
In addition to FER's role as a negative regulator in JA signaling, our global gene expression data also indicate that FER functions to suppress many other hormone-regulated stress responses. Future studies of the crosstalk between FER signaling and hormonal pathways will reveal more complete mechanisms by which FER regulates plant growth and stress responses.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Jasmonic acid treatment For root growth inhibition assay, seeds of different genotypes were germinated on 1/2MS plates with 50 mm Jasmonic acid (Sigma) or control. The plates were kept at 4 C for 4 days and placed vertically for 7-8 days under constant light. About 12-18 representative seedlings from each genotype on JA or control plate were placed on a fresh 1/2MS plate and subjected to scanning. For shoot growth assay, seeds of different genotypes were sterilized and spotted on gridded plate to better control the density and plates were kept at 4 C for 4 days and then placed horizontally under constant light. Plates with seedlings were scanned two weeks later.
For qPCR experiments, 10-day-old seedlings grown on 1/2MS plates were transferred to 1 mL liquid1/2MS medium in 24-well plates and incubated for 2 hr to minimize any mechanical touching effect. Then 1 mL liquid 1/2MS containing 100uM JA or control was added to each well, to make the final JA concentration 50uM. Three replicates for each treatment of each genotype were collected 10 hr after the treatment. RNA was extracted as described above, and qPCR was performed using SYBR Green PCR master mix (Applied Biosystems) on Stratagene Mx4000 real time PCR system. Nuclear protein extraction was carried out as described [44] . Briefly, half to one gram of tissue was collected and flash frozen in liquid Nitrogen and ground to powder. The sample powder was then resuspended in the lysis buffer (20mM Tris-HCl pH7.4, 25% Glycerol, 20mM KCl, 2mM EDTA, 2.5mM MgCl 2 , 250mM Sucrose, 1mM DTT and 1mM PMSF added right before use), and filtered through 0.45um mesh to a new tube and spun for 10 min at 1500xg at 4 C. The pellet was resuspended in the nuclei resuspension buffer (20mM Tris-HCl pH7.4, 25% Glycerol, 2.5mM MgCl 2 ) with 0.2% Triton and spun for 10 min at 1500xg at 4 C. After two more washes, the nuclei were resuspended in the resuspension buffer without Triton and spun for 10 min at 1500xg at 4 C. The pellet was then resuspanded in 2xSDS buffer and used for western blotting. Nuclei from 1gram of tissue are resuspended in 100 mL 2xSDS buffer.
Total protein and nuclear protein extraction

Protein half-life determination
This assay was carried out as described with modifications [45] . Briefly, seeds were germinated on 1/2MS plates vertically for 10 days. For WT and fer, seedlings were transferred to a 24-well plate containing 1/2MS liquid medium with 50 mM MG132, and gently shaken for 16 hr. The seedlings were rinsed with fresh 1/2MS liquid medium 5 times, and then supplied with fresh 1/2MS liquid medium containing 200 mM Cycloheximide (CHX), DMSO as control. For MYC2-FLAGox and MYC2 A12 -FLAGox, MYC2 was PCR amplified from Arabidopsis cDNA (Table S3 ) and MYC2 A12 was synthesized by GenScript (https://www.genscript.com) and the mutated codons are shown in Table S2 . Both MYC2 and MYC2 A12 were cloned to pYY384 BRI1P:FLAG. The transgenic seedlings were transferred to1 mL 1/2MS liquid medium and incubated for 2 hr to minimize any mechanical touching effect, and then 1 mL 1/2MS containing 400 mM CHX or DMSO control was added so the final CHX concentration is 200uM. Seedlings were collected at the time points indicated in Figures 2G, 3C , and 3D, and gently dabbed dry and flash frozen in liquid nitrogen. The samples were ground in 2xSDS sample buffer and used for western blotting. Protein half-life was estimated as the time when the protein level decreased to half of the amount of the control.
Transient expression assay in Nicotiana benthamiana (N. benthamiana) N. benthamiana seeds were germinated in soil and the seedlings were transferred to soil in individual pots. About two-month-old plants were used for the assays. Agrobacterial cultures carrying the genes of interest were grown in liquid LB medium with antibiotics in a 30 C shaker for 2 days. The cultures were spun down in 1.5 mL microtubes at full speed for 1 min. The agrobacterium was resuspended in infiltration buffer (10mM MgCl 2 , 10mM MES pH 5.7, 200 mM Acetosyringone). The density was measured at 600 nm wavelength and each agrobacterium was diluted to final concentration of OD600 0.3 for infiltration. The leaf infiltration was done with 1 mL syringe without needle on the abaxial side of the leaf.
Co-immunoprecipitation (CoIP)
FER was PCR amplified from Arabidopsis cDNA and cloned to pYY46 35S:GFP. FERm-GFP was generated using FER-GFP plasmid DNA with primers containing the mutation (Table S3 ). Agrobacteria carrying FERm-GFP and MYC2-FLAG were co-infiltrated to N. benthamiana leaves, co-infiltration of vector containing GFP only and MYC2-FLAG, vector containing FLAG only and FERm-GFP as controls. Leaf samples were collected two days after the infiltration. One gram of each sample was ground in liquid nitrogen and extracted with 2.5 mL IP buffer (10mM HEPEs pH7.5, 100mM NaCl, 1mM EDTA, 10% Glycerol, 0.5% NP-40) [41] , with 1mM PMSF and one pellet of the protease inhibitor/10 mL from Roche. After 10 min rotation at 4 C, the mixture was centrifuged at 10,000 rpm for 10 min at 4 C and then filtered through two layers of Miracloth (Millipore). The IP was performed by adding 30 mL of GFP-TRAP-MA (Chromotek) to the filtered plant extract, rotated at 4 C for 2 hr. The IP product was precipitated using a magnetic stand after a brief spin at 1000xg for 1 min, and washed twice with IP buffer containing 0.5% NP-40 and twice with IP buffer without
